We compute the next-to-leading order (NLO) QCD corrections to the gg → W + W − → l − production rate and find that the QCD corrections are significantly smaller than in the inclusive case. While the current experimental uncertainties are still too large to make these differences relevant, the observed strong dependence of perturbative corrections on kinematic cuts underscores that extrapolation from a fiducial measurement to the total cross section is an extremely delicate matter, and calls for the direct comparison of fiducial volume measurements with corresponding theoretical computations.
in ZZ production, and 35% of the NNLO QCD corrections in W + W − production. Radiative corrections to the gluon fusion channel formally contribute at next-tonext-to-next-to-leading order (N 3 LO) but are expected to be significant [35] . Indeed, we showed recently that NLO QCD corrections to gg → ZZ increase its contribution to pp → ZZ by almost a factor of two making them important for phenomenology of ZZ production [36] . Moreover, the magnitude of these corrections exceeds the scale variation uncertainty of the NNLO QCD result which is commonly used to estimate the residual uncertainty of the theory prediction. The aim of this Letter is to report the results of a similar calculation for gg → W + W − . Run I measurements of the W + W − cross section undertaken by both ATLAS [37] and CMS [38, 39] showed a discrepancy at the level of O(2 − 2.5) standard deviations compared to the Standard Model (SM) prediction. This deviation has been studied in the context of physics beyond the Standard Model (BSM) [40] [41] [42] [43] [44] [45] , but there has also been a concerted effort from the theory community to understand the source of this discrepancy in terms of QCD effects. This includes the calculation of the total W + W − cross section to NNLO in QCD [26] , as well as the examination of ambiguities caused by an extrapolation from the fiducial region to the total cross section, either in the context of parton showers [46] or through resummations [47] [48] [49] . As a consequence of these efforts, the discrepancy seems to have been resolved without recourse to BSM effects, but these developments underlined the importance of comparing theoretical and experimental results for fiducial volume measurements, avoiding uncertainties related to the extrapolation. Motivated by these considerations, we also study the NLO QCD corrections to gg → W + W − in the fiducial region defined by the ATLAS cuts.
We begin by summarizing the technical details of the calculation, and refer the reader to Ref. [36] for a more extensive discussion. In Fig. 1 we present representative Feynman diagrams that are required for the calculation of the gluon fusion process gg → W + W − through NLO in perturbative QCD. The required twoloop contributions to gg → W + W − scattering amplitudes have been calculated in Refs. [50, 51] ; we use the C++ code developed in Ref. [51] in our computation. We calculate the relevant one-loop real-emission amplitudes gg → W + W − + g using a combination of numerical [52] and analytic [53] unitarity methods. The virtual and real-emission contributions are combined using both the q T [54] and the FKS [55] subtraction schemes, allowing for a check of the numerical stability of the final results and the consistency of the implementation in a numerical program.
Throughout the paper, we consider leptonic decays of the W -bosons,
We note that if the leptons are of the same flavor and off-shell contributions are allowed then, strictly speaking, it is impossible to distinguish off-shell W + W − production from off-shell ZZ → + − νν production, so that both contributions need to be included. We do not consider this issue here and postpone its investigation to the near future.
We will now comment on the various contributions to gg → W + W − amplitudes. In addition to typical box-type amplitudes shown in Fig. 1(a) , we need to consider amplitudes where gluons couple to Z * and/or γ * through the quark loop, see Figs. 1(c),(d). However, it was shown in Ref. [56] that the sum of these triangle diagrams vanishes to all loop orders for on-shell colliding gluons. This implies that we only have to consider Z/γ * -mediated amplitudes if an additional gluon is radiated, c.f. Figs. 1(e-f) . Note that we also include the singly-resonant amplitudes in our calculation, see Fig. 1(f) .
The most important difference with respect to our previous work is the treatment of the massive quark loops. In ZZ production, it is possible to separate the contribution of bottom and top loops, if one neglects the contribution of vector-axial triangle diagrams which are suppressed by the top mass. One can then consider gluon-initiated ZZ production through loops of five massless quark flavors. On the other hand, if W bosons are radiated from the quark loop, such a separation is obviously not possible since W -bosons mediate transitions within a given generation and mix the contributions of bottom and top quarks. Since we cannot compute two-loop diagrams with internal masses, for gg → W + W − amplitudes we neglect the contribution of the third generation entirely, and consider only massless quarks of the first two generations. However, for real-emission amplitudes which involve a Z/γ * boson attached to the quark loop ( Fig. 1 (e) and (f)), we adopt our previous approach and also include massless bottom quarks in the loop. We expect that the accuracy of this approach is O(10%); this estimate is based on the observation that the inclusion of the third generation in the computation of the gg → W + W − leading order cross section changes the result by approximately this amount [57, 58] . We have checked that the ratio of leading order cross sections σ
is practically independent of the collision energy and the kinematic cuts that we use later on to identify the fiducial volume cross section. This observation offers a simple way to account for the effect of the third generation: although we present the numerical results below omitting the contribution of the third generation, it can be included in an approximate way by increasing all our results by ten percent. This is the best one can do as long as the NLO QCD corrections to gg → W + W − process, mediated by a massive quark loop, remain unknown. We now present the results for gg → W + W − → ν e e + µ −ν µ cross sections. To perform the computation, we take the masses of the W and Z bosons to be m W = 80.398 GeV and m Z = 91.1876 GeV, their widths to be Γ W = 2.1054 GeV and Γ Z = 2.4952 GeV and the Fermi constant G F = 1.16639 GeV −2 . We use µ = µ 0 = m W as the central value for the renormalization and factorization scale, and estimate the effect of the scale variation by calculating the cross section at µ = 2µ 0 and µ = µ 0 /2. We use LO and NLO NNPDF3.0 parton distribution functions [59] , accessed through LHAPDF6 [60] and one-and two-loop running of the strong coupling, for our LO and NLO results, respectively. We do not include the contribution from Higgs-mediated amplitudes. Unless stated otherwise, W bosons are produced on the mass shell. At √ s = 8
TeV, we find the inclusive cross sections at LO and NLO to be
where the superscript (subscript) refers to the value at µ = µ 0 /2 (µ = 2µ 0 ). We note that the NLO QCD corrections increase the gluon fusion cross section by a factor of 1.24−1.80, with an increase by a factor of 1.54 for the central scale choice. This is similar to what was found in Ref. [36] for gg → ZZ production, when one takes into account the different choice made there for the central scale.
In order to put these results into context, we would like to estimate their impact on the NNLO QCD prediction for the pp → W + W − process at √ s = 8 TeV presented recently in Ref. [26] . The results reported in Ref. [26] were obtained for stable W -bosons; to compare them with our results, we have to multiply them by the branching fractions for W decays into leptons. With the input parameters described above we find Br(W → ν l ) = 0.108, in good agreement with experimental measurements. Then, taking the cross sections from Ref. [26] at µ = µ 0 , we obtain σ NLO = 638.84 fb; σ NNLO+gg,LO = 697.97 fb. (2) It is stated in Ref. [26] that about 35% of the NNLO QCD corrections is due to the gluon fusion channel; this implies that the gg → W + W − → 2 2ν cross section used in Ref. [26] is O(21) fb which compares well with our result in Eq.(1). We now substitute the NLO QCD result for the gluon fusion cross section instead of the LO one and obtain 1 σ NNLO+gg,NLO ≈ 710 fb.
Therefore, inclusion of the NLO corrections to the gluoninitiated partonic channel increases the total NNLO QCD cross section by about 2% percent. This shift is comparable to the residual theoretical uncertainty on the NNLO QCD prediction for pp → W + W − , which is quoted as O(2%) in Ref. [26] . We also note that the shift is much larger than the off-shell cross section for Higgs boson production gg → H * → W + W − → 2 2ν which we estimate to be O(1) fb using the MCFM program [61] .
We note that gluon fusion contributions both at leading and next-to-leading order are less important for pp → W + W − compared to pp → ZZ. Indeed, in the latter case the corrections to the gluon fusion process were found to increase the NNLO corrections by approximately 50% [36] and move it beyond the estimated uncertainty of the NNLO result. The reason gluon fusion is more important for ZZ than for the [26] .
Next, we discuss kinematic distributions. We present results for the 8 TeV LHC. We have also studied kinematic distributions at 13 TeV and found a qualitatively similar behavior. A representative sample for the 8 TeV LHC is shown in Figs. 2 and 3 . In Fig. 2 we display the positron transverse momentum distribution p ⊥, + and the distribution of the invariant mass of the dilepton system m + − . In Fig. 3 we present the distribution of the azimuthal opening angle between the charged leptons ∆φ + − and the transverse mass of the W + W − system defined as
In the definition of the transverse mass, we introduced the following notation: p ⊥, + − is the transverse momentum of the + − system, E ⊥,miss is the missing energy, andφ is the azimuthal angle between the direction of the + − system and the missing momentum. We observe that for all kinematic distributions shown in Figs. 2 and 3 , with the exception of the m T,W W one, the NLO results can be obtained from the LO results by re-scaling the latter by the constant factor determined by the NLO QCD effects in the total cross section. The situation is different for the m T,W W distribution, where the LO distribution vanishes at low values of m T,W W , leading to an infinite relative correction in this kinematic regime. This behavior is easily understood. Indeed, vanishing of m T,W W requires all leptons in the final state to be collinear. This is not possible at LO but may occur at NLO when the W + W − system as a whole recoils against an additional jet in the final state. 2 We also note that, with the exception of the last Table 1 : LO and NLO gluon-initiated fiducial cross sections for in the ee, µµ, and eµ decay channels. The kinematic cuts are defined in Ref.
[62]. The central value corresponds to µ = µ 0 ; the upper (lower) value to µ = 0.5µ 0 (2µ 0 ), respectively. We remind the reader that these numbers do not include contributions from the third generation, see text for details.
bin, the ∆φ + − distribution is remarkably uniform at LO, and this uniformity is maintained at NLO. This is an interesting feature since the Higgs-mediated process gg → H * → W + W − → 2l2ν produces a larger number of charged lepton pairs with a small relative opening angle ∆φ + − .
We now turn to the discussion of the fiducial cross sections defined by a set of cuts used by the ATLAS collaboration [62] for measurements with ee, µµ, and eµ + µe final states. These cuts are displayed in a concise way in Table 1 of Ref. [46] and we do not repeat them here. However, we note that these cuts include a veto on events with jets with the transverse momentum that exceeds 25 GeV. This is an important cut since it reduces the amount of real radiation at NLO and, therefore, is expected to reduce the magnitude of radiative corrections compared to the inclusive cross section case.
In Table 1 , we present the fiducial volume cross sections for the gluon-initiated process at LO and NLO QCD in these three channels. In order to accurately account for the cuts, these results are computed allowing the W -bosons to be off the mass shell. The NLO QCD values for fiducial cross sections appear to be maximal at the central scale. For our choice of the central scale, the NLO corrections increase the fiducial cross sections by 18% − 20%, independent of the decay channel. This is substantially smaller than the relative size of radiative corrections found for the inclusive cross section. As already mentioned, this large difference between corrections to inclusive and fiducial volume cross sections is explained by the presence of a jet veto in the ATLAS cuts which removes real-emission contributions with a hard gluon. Since the hard gluon radiative cross section is positive, the NLO cross section with a jet veto is smaller than the cross section without it. A similar effect is known in Higgs production in gluon fusion [63] .
Our observation of smaller radiative corrections in the fiducial volume cross section is important since it points towards potential problems with extrapolating fiducial volume cross sections to their inclusive values.
state; therefore, this effect should be seen in→ W + W − at NLO, if no cuts are placed on the leptons. We have checked that this is indeed the case using the program MFCM [61] .
In the case of gg → V V such extrapolations completely ignore all the subtleties related to the gluon fusion channel since NLO QCD corrections to this mechanism of vector boson production are not included in Monte Carlo event generators. Matching our computation to existing NLO parton shower event generators is then desirable. While this may be challenging technically since the LO process is loop-induced, it does not require any conceptual modification of existing techniques to combine fixed order computations and parton showers.
We would like to examine the effects of the NLO corrections to the gg channel shown in Table 1 on the existing theoretical calculations of the fiducial cross sections. We compute these fiducial cross sections using MCFM [61] and the cuts from Ref. [46] . Included in this calculation are thecontributions 3 at NLO QCD, the Higgs production pp → H → W + W − at NLO QCD and the LO gg contributions through quark loops of all flavors, with the top mass taken as m t = 172.5 GeV and the Higgs signal/background interference at LO QCD. We then replace the LO massless gg cross sections in the fiducial volume with the corresponding NLO values. The 8 TeV cross sections (in fb) for the µµ, ee and eµ + µe decay channels become (7) where we combined statistical, systematic and luminosity uncertainties in quadratures. We see that the electron and muon channels agree perfectly whereas the central value of the eµ + µe channel differs by about 1.5 standard deviations. However, this picture is somewhat misleading, since we have not included the NNLO QCD corrections to thechannel in the theory predictions in Eq. (6) . While these corrections are unknown in the fiducial region, it is perhaps interesting to see what happens if one estimates them by re-scaling NNLO QCD corrections to the inclusive cross section by the ratio of fiducial and inclusive cross sections. In this case we find that the missing NNLO QCD corrections can increase the cross sections in Eq. (6) by O(4 − 20) fb for ee(µµ) and eµ + µe channels, respectively. Such an increase would make the theory prediction and experimental results agree to within one standard deviation for each of the three channels. 3 Although we consistently talk aboutcontributions, the qg initiated processes are, of course, included, following the standard routine of perturbative QCD computations. 4 The NLOand LO gg results have opposite scale dependence, so their naive combination would lead to an accidentally small scale variation uncertainty. If the gg channel is included at NLO, the total uncertainty is dominated by thechannel so a precise procedure of how to combine theand gg uncertainties is not important.
In summary We have calculated the NLO QCD corrections to the gg → W + W − → l + 1 ν 1 l − 2ν 2 process at the LHC. These corrections increase the gluon fusion cross section by 20%−80%, depending on the center-ofmass energy and the scale choice. The impact of these corrections on the pp → W + W − production cross section is moderate; they increase the NNLO QCD theory prediction by about two percent, which is comparable to the current estimate of the theoretical uncertainty at NNLO. We have also calculated the gg → W + W − cross section through NLO in perturbative QCD subject to kinematic cuts used by the ATLAS collaboration to measure the pp → W + W − cross section. For the fiducial cross section, we found a smaller increase of around 20% for our central scale choice. Nevertheless, this contribution further increases the fiducial volume cross section, moving the theoretical result closer to the experimental one.
